Sea urchins of the genus Arbacia (order Stirodonta) have discontinuous allopatric distributions ranging over thousands of kilometers. Mitochondrial DNA (mtDNA) sequences were used to reconstruct phylogenetic relationships of four Arbacia species and their geographic populations. There is little evidence of genetic structuring of populations within species, except in two cases at range extremes. The mtDNA sequence differentiation between species suggests that divergence occurred about 4-9 MYA. Gene sequences encoding the sperm protein bindin and its intron were obtained and compared with the mtDNA phylogeny. Sea urchins among the well-studied echinoid order Camarodonta, with degrees of mtDNA divergence similar to those of Arbacia species, are known to have remarkable variation in bindin. However, in Arbacia, little variation in deduced amino acid sequences of bindin was found, indicating that purifying selection acts on the protein. In contrast, bindin intron sequences showed much differentiation, including numerous insertion/deletions. Fertilization experiments performed between a divergent pair of Arbacia species from the Atlantic and Pacific Oceans revealed no evidence of blocks to gamete recognition. In Arbacia, fertilization specificities may have evolved relatively slowly as a result of extensive gene flow within species, greater functional constraint on the bindin polypeptide, or reduced selective pressure for species recognition in singly occurring species.
Introduction
Species-specificity of fertilization resides in interactions of gamete surface proteins. In a variety of organisms, gametes are released from adults into the environment. Among such organisms in particular, but also in those with internal fertilization, evolutionary diversification of fertilization proteins encoded by a few loci may define reproductive boundaries between species (Lessios and Cunningham 1990; Vacquier and Lee 1993; Palumbi 1994; Tsaur and Wu 1997) . Thus, gamete recognition may be an important aspect of species-specific mate recognition.
Several studies have compared nucleotide sequence evolution among genes encoding sperm acrosomal proteins from free-spawning marine invertebrates. Acrosomal proteins from the archaeogastropod Haliotis (abalone) have remarkable divergence between species, which is the result of positive Darwinian selection (Lee and Vacquier 1992; Lee, Ota, and Vacquier 1995; Swanson and Vacquier 1995; Vacquier, Swanson, and Lee 1997) . In sea urchins, sequences encoding the acrosomal protein bindin have also differentiated extensively among species (Minor et al. 1991; Vacquier, Swanson, and Hellberg 1995) . Bindins show evidence of positive selection and allelic polymorphism (Metz and Palumbi 1996) . Functional assays have shown that bindin interacts in a species-specific manner with corresponding egg surface proteins (Glabe and Vacquier 1977; Lopez, Miraglia, and Glabe 1993; Metz et al. 1994) , and, likewise, egg surface proteins interact in a species-specific man-ner with corresponding sperm (Ohlendieck and Lennarz 1995; Swanson and Vacquier 1997) .
Although the causes of rapid evolution, positive selection, and polymorphism among invertebrate fertilization proteins remain unknown, several mechanisms that might favor diversification have been suggested (Vacquier, Swanson, and Lee 1997) . Such processes might have a role in creating or augmenting reproductive isolation between species. Speciation as a by-product of gradual divergence in allopatry seems inadequate to explain the great diversity of marine organisms, because species ranges can be extensive, dispersal capabilities high, and geographic barriers tenuous (Palumbi 1994) . Thus, it is appealing to invoke the action of selection among sympatric organisms as a potential pathway to biological diversification.
Studies of sperm acrosomal proteins in sea urchins and abalone have focused on examples where several congeneric species co-occur in sympatry. For comparison, here we have examined the molecular evolution of bindin genes among allopatrically distributed species of the sea urchin genus Arbacia. Over the past century, Arbacia have been subjects of intensive investigations into the cell biology and biochemistry of fertilization and early development (e. g., Harvey 1956 ). This genus is one of few extant examples of the echinoid order Stirodonta, which is thought to have diverged from the order Camarodonta approximately 160 MYA (Littlewood and Smith 1995; De Giorgi et al. 1996) . Despite this great divergence time, the bindin sequence of A. punctulata shares many features with bindin sequences from Camarodont genera including Strongylocentrotus, Lytechinus, and Echinometra (Glabe and Clark 1991; Minor et al. 1991; Vacquier, Swanson, and Hellberg 1995; Metz and Palumbi 1996) . Most notably, a central region encompassing one quarter of the mature polypeptide is highly conserved among all bindins.
Six extant Arbacia species have been described (Mortensen 1943) . One of these (A. crassispina) has Mortensen (1943) .
been collected at only one locality. The other species are abundant and have extensive distributions along Atlantic and eastern Pacific coastlines (table 1) . Each species occurs singly; there are no documented cases of sympatric overlap. In addition to their allopatric distribution, each species has a few distinguishing morphological features (Mortensen 1943) . The range of an Arbacia species may extend over 30 degrees of latitude (table 1) , encompassing considerable morphological, ecological, and environmental variation. The singly occurring, widely distributed species of Arbacia provide a system in which to look for evidence of selective processes acting within species that might lead to the differentiation of gamete recognition proteins. In the absence of adequate fossil evidence, it has not previously been possible to infer evolutionary relationships among the Arbacia species. Despite their morphological similarity, it has been assumed that divergence occurred so long ago that biogeographic changes have obscured species relationships (Mayr 1954) . We used mitochondrial DNA (mtDNA) sequences to assess differentiation between Arbacia species and their geographic subpopulations. We then compared cross-fertilization measurements and bindin gene sequences. In contrast to other sea urchins, specificities of fertilization and bindin genes have changed relatively little between species of Arbacia. Sea urchins were spawned by injection of 100 l of 0.5 M KCl. Washes and dilutions of gametes were in 0.45 m filtered seawater. To prevent degradation of eggs resulting from dermal secretions of adults, eggs were collected at the gonopores and washed in seawater by hand centrifugation. Packed egg volumes were equalized, and the eggs were resuspended in 30 vol seawater. Sperm were collected as undiluted semen (''dry'') and stored on ice. Sperm were diluted by gentle resuspension in seawater containing 1 mg/ml ovalbumin (Sigma) to prevent sperm from sticking to glass surfaces. The O.D. at 340 nm of 1/1,000 dilutions of dry sperm samples were measured and the dilution factor to normalize sperm concentration was calculated for each sample (Vacquier and Payne 1973) .
Materials and Methods
Immediately prior to performing fertilizations, dry sperm from one male was diluted, first by the normalizing factor and then into 15 consecutive 50% dilutions in glass test tubes. An equal volume of egg suspension from one female was added to each sperm dilution. Two dilution series were set up for each sperm sample. Heterospecific crosses were done, immediately followed by conspecific crosses. The tubes were shaken vigorously on a rotating table for 2 h at 23ЊC, to allow time for cell division, and then fixed by addition of formaldehyde in seawater (final concentration 1%) with shaking for an additional 20 min. Fertilized and unfertilized eggs were counted by phase contrast microscopy. At least 200 eggs were scored per sample.
PCR Amplification of mtDNA Sequences
Approximately 20-50 l wet volume of ovary tissue from individual female sea urchins was washed by centrifugation in 20 mM Tris (pH 7.6) and 20 mM EDTA to remove seawater or ethanol and then resuspended in the same buffer and macerated. After addition of an equal volume of 10% (v/v) chelating resin (Chelex; Sigma) suspended in water, the sample was boiled for 5 min and then stored at Ϫ20ЊC. Typically, 1-2 l of this DNA template preparation was used in a 50-100-l PCR reaction.
Mitochondrial cytochrome c oxidase subunit I (COI) amplifications were performed using universal primers LCO: 5Ј-GGTCAACAAATCATAAAGA-TATTGG-3Ј and HCO: 5Ј-TAAACTTCAGGGTGAC-CAAAAAATCA-3Ј (Folmer et al. 1994) . Mitochondrial ATPase subunit 6 (ATPase) primers were designed using the complete sequence of Arbacia lixula mtDNA (De Giorgi et al. 1996 ; GenBank accession number X80396). ATPF: 5Ј-TTTCCAGACACCCTGTTTTT-3Ј corresponds to nucleotide positions 8733-8752 of the A. lixula mtDNA, and ATPR: 5Ј-GTAAGCTTGAATA-CATGCTACCC-3Ј corresponds to positions 9322-9344.
The mtDNA PCR reactions contained each primer at 0.4 M, Taq polymerase (Promega) at 10 U/ml, Taq Extender (Stratagene) at 10 U/ml and Taq Extender buffer, 0.2 mM each dNTP, and 1-2 l of template DNA preparation, in a total volume of 50-100 l.
Thermal cycle profiles for the COI universal primers were 3-5 cycles of 94ЊC for 30 s, 50ЊC for 30 s, and 72ЊC for 60 s, followed by 30-35 cycles with the annealing temperature at 55ЊC. Similar thermal cycle profiles were used for the ATPase primers with the annealing temperature at 55ЊC.
PCR Amplification of Bindin Gene Sequences
DNA was isolated either from dry sperm or ethanol-preserved testis. Sperm was suspended, or testis homogenized, in 20 mM Tris (pH 7.6), 20 mM EDTA, 0.25% (w/v) sodium dodecyl sulfate. Proteinase K was added to 10g/ml and the sample was digested for 2-8 h at 37ЊC. Samples were extracted with phenol and chloroform, precipitated with ethanol, and dissolved in water. Dilutions at 100 g DNA/ml were stored at Ϫ20ЊC.
The mature acrosomal bindin polypeptide is proteolytically cleaved from a larger precursor (Gao et al. 1986 ). PCR primers AMBF3: 5Ј-CTTTATGGGGCATCGCCG-AAAGAG-3Ј and AMBR2: 5Ј-GTCCAAAGTCTTAT-ACGTCATGCG-3Ј were designed to bracket and amplify only the region of the gene encoding mature bindin. AMBF3 and AMBR2 correspond to nucleotide positions 773-796 and 1558-1581 in the published bindin cDNA sequence of A. punctulata (Glabe and Clark 1991;  GenBank accession number X54155).
Bindin PCR reactions contained each primer at 0.4 M, Taq polymerase (Promega) at 10 U/ml, Taq Extender (Stratagene) at 10 U/ml and Taq Extender buffer, 0.2 mM each dNTP and 50-250 ng genomic DNA in a total volume of 50-100 l.
Immediately prior to their addition into PCRs, sample templates were boiled for 3 min and chilled rapidly on ice. After adding template DNA, PCRs were incubated at 94-96ЊC for 3 min prior to starting the thermal cycling, which typically was 94ЊC for 45 s, 55ЊC for 30 s, and 72ЊC for 150 s for 35-38 cycles.
Sequencing PCR Products
PCR products from either excised agarose gel bands or complete reactions were purified using QiaQuick spin columns (Qiagen). Sequencing reactions were performed using the Prizm fs Kit (Applied Biosystems Inc.) and included 60-90 ng of PCR product. Mitochondrial COI and ATPase PCR products were sequenced using the two PCR primers. Bindin PCR products were sequenced on both strands using the PCR primers and several internal primers. Sequences were obtained using an automated sequencer (Applied Biosystems Inc.).
Sequence Analysis
Sequences were aligned by eye either to the A. lixula mtDNA sequence (De Giorgi et al. 1996) or the A. punctulata bindin sequence (Glabe and Clark 1991) . Phylogenetic reconstructions were performed using PAUP version 3.1.1 (Swofford 1993 ) and neighbor-joining incorporated in MEGA version 1.0.1 (Kumar, Tamura, and Nei 1993) and Phylip version 3.5c (Felsenstein 1995) . MEGA was also used to calculate JukesCantor corrected genetic distances between sequences and to determine the proportions of nonsynonymous (D n ) and synonymous (D s ) sites differing between sequences. Arbacia sequences have been deposited in GenBank under accession numbers AF030998-AF031033 for COI, AF030825-AF030828 for bindincoding sequences with introns, and AF030829-AF030858 for bindin exons.
Results

Mitochondrial DNA Phylogeny
The mtDNA sequences indicate that the allopatric morphological species of Arbacia are monophyletic. Figure 1 shows a neighbor-joining reconstruction of mtDNA COI haplotype relationships. Three-letter locality code designations for each sampling site (table 1) incisa and A. dufresnei). Average genetic distances between species range from 9% to 13% of all COI nucleotide positions (table 2). Differentiation at silent sites (D s ) between species ranges from 42% to 73%.
Sequences for mitochondrial ATPase (490 bp) were also obtained from at least three individuals per Arbacia species (data not shown). Neighbor-joining and PAUP reconstructions based on ATPase sequences alone or joined to COI sequences from the corresponding individuals produced high bootstrap values between species, similar to the COI sequences. Similar genetic distances between species were found using either COI sequences (table 2) or ATPase sequences (data not shown).
This sampling of mtDNA sequences reveals no evidence of genetic structure among geographically isolated populations within species, with the exception of two cases at range extremes. The Rio de Janiero population (BRZ) of A. lixula forms a separate clade from the Azores and Mediterranean A. lixula sequences (AZO, NIC, NAP, PAL). Genetic distances between the clades are more than twice as high as within clades (table 2). Within Gulf of Mexico (PFL) and Woods Hole, Mass. (WHM), populations, A. punctulata sequences differ by 0.2%-0.6%, whereas between these populations, sequences differ at 1.4%-2.4%, indicating genetic differentiation ( fig. 1 ). These two populations are separated by a phylogeographic break at Cape Canaveral (Avise 1994) and are quite distinct morphologically (Marcus 1980) .
Arbacia incisa sequences from both sides of the Baja California Peninsula (BLA, GRN, PCN) and from Panama (PAN) show little mtDNA sequence diversity or genetic structure ( fig. 1 and table 2 ). No evidence of genetic differentiation was found in a geographically isolated subpopulation of A. incisa (GRN) on the Pacific Coast of Baja California.
Cross-Fertilization
Reciprocal crosses of sperm and eggs were performed between A. incisa from the Gulf of California (BLA) and A. punctulata from the Atlantic at Woods Hole, Mass. (WHM). These sea urchins are visibly quite distinct in color, spine length and test plate size. The mtDNA genetic distances (table 2) show them to be among the more divergent Arbacia species pairs. Despite this, measurements of percent fertilization in crosses of these Arbacia species revealed no evidence of differentiation of the gamete recognition systems ( fig. 2 ). Conspecific and heterospecific crosses in both directions showed a remarkable congruence of percentage of fertilization at a wide range of sperm concentrations. Similar results were found when A. incisa were crossed with A. punctulata from the Gulf of Mexico (PFL) (data not shown). Swimming pluteus larvae resulted from all combinations of gametes between A. incisa and A. punctulata. 
Bindin-Coding Sequences
The mature bindin protein that attaches the sperm to the egg is cleaved from a larger precursor (Gao et al. 1986) . Using the published A. punctulata bindin cDNA sequence (Glabe and Clark 1991), we designed primers just upstream of the cleavage site and just downstream of the stop codon, which allowed amplification and sequencing of the mature bindin and an intron from genomic DNA.
Mature Arbacia bindins are 235 amino acids long, except for those from A. punctulata, which have one two-codon deletion ( fig. 3) . The most similar bindins are from A. punctulata and A. incisa, in which this indel is the only fixed difference. Fertilization between these two species shows no specificity (fig. 2) ; hence, this particular indel difference is effectively neutral with respect to sperm-egg recognition.
Excluding the indel, 14 amino acid positions are variable among the Arbacia bindin sequences (fig. 4) ; nine of these show differences that are fixed within species in our sampling of alleles. Comparisons between species show low levels of bindin differentiation, consisting mostly of conservative amino acid differences. The greatest differentiation occurs between the North Atlantic-Mediterranean clade of A. lixula (AZO, NIC, NAP, PAL) and A. dufresnei (PMC) from southern South America (fig. 4) . In this comparison, six conservative amino acid differences are spaced over the polypeptide, and three radical differences are concentrated within a 10-codon segment ( fig. 3 ). These differences between bindins might be sufficient to create specificity in fertilization. Sequences from the Brazilian A. lixula are again different from the remaining A. lixula bindins. Otherwise, our sampling shows no evidence of geographic structuring of bindin proteins within species.
Phylogenetic reconstruction based on bindin nucleotide sequences revealed a pattern similar to that of mtDNA ( fig. 5 ). Branches between species have strong bootstrap support. Bindins of Atlantic sea urchins group together, as do the bindins of Pacific sea urchins. Percent sequence differences in bindin-coding regions between species range from 1.6% to 4.1%, which is several times lower than those found for the mtDNA coding regions.
Amino acid replacement substitutions (D n ) were compared with silent substitutions (D s ), between species for the Arbacia bindin sequences. Over the mature bindin-coding sequence, D n /D s ratios between species range from 0.02 to 0.24 (table 2), indicating that Arbacia bindins are subjected to purifying selection (Hughes and Nei 1988) . In bindins of the Camarodont sea urchin genus Echinometra, a region of 40 codons was found to have excess nonsynonymous over synonymous differences (Metz and Palumbi 1996) . In the corresponding region in Arbacia bindins (codons 55-95, fig. 3 ), D n /D s ratios revealed no evidence of positive selection (data not shown).
The MacDonald-Kreitman test for nonneutral evolution (McDonald and Kreitman 1991) was also applied to the bindin data. Total numbers of changes were counted over the entire bindin data set: 9 replacement and 17 silent differences are fixed between species, 6 replacement and 27 silent differences are polymorphic within species. Fixed versus polymorphic replacement and silent substitutions do not differ significantly; hence, the null hypothesis of neutral evolution is not rejected using this test.
Bindin Introns
PCR products amplified from genomic DNA with the Arbacia bindin primers include an intron ( fig. 3 ). The intron position is similar to the bindin intron position in the Camarodont sea urchin genus Echinometra (Metz and Palumbi 1996) , which is near the upstream end of the region that is highly conserved in all bindins. Substantial molecular evolution has occurred among the bindin introns of Arbacia ( fig. 6 ). In the Pacific species, introns range from 399 to 420 nucleotides; in the Atlantic species, they range from 845 to 874 nucleotides. Numerous small indels also distinguish bindin introns between species. Based on the alignment ( fig. 6 ), intron sequence differences are 14%-18% between species from different oceans and 7%-10% between species within oceans.
Discussion
The sequence analyses of mtDNA and bindin genes support the monophyly of geographically isolated species in the existing morphology-based classification of Arbacia (Mortensen 1943) . Evidence of genetic structure within species was found only over the broadest geographic scale, i.e., in comparisons between North Atlantic and South Atlantic populations or between North Atlantic and Gulf of Mexico populations. mtDNA and bindin exon and intron sequences all suggest that a split occurred first between species presently found in the Atlantic and Pacific, followed by further splitting within oceans (although species ranges might have shifted since speciation).
The degree of mtDNA divergence suggests that the extant species of Arbacia began to evolve independently prior to the rise of the Isthmus of Panama. Studies of three ''geminate'' species pairs of sea urchins, thought to have been split by the Isthmus of Panama, allowed mtDNA nucleotide sequence divergence to be estimated at 1.8%-2.2% per million years (Bermingham and Lessios 1993) . Assuming similar rates of molecular evolution in Arbacia, 9%-13% sequence difference found between species (table 2) suggests that divergence occurred about 4-8 MYA, prior to the rise of the isthmus 3.5 MYA. Echinometra species across the isthmus are estimated to have diverged about 8% per million years at silent sites in COI (Palumbi 1996) . Using this estimate on the 42%-73% D s between Arbacia species gives a divergence time of 5-9 MYA.
Substantial rate variation may exist between distantly related taxa; hence, it is not possible to unequivocally date Arbacia speciation using these mtDNA sequences. However, the accumulation of differences in mtDNA in Arbacia is equal to or greater than that between Echinometra species for which cross-fertilization and bindin evolution have been studied (Lessios and Cunningham 1990; Palumbi and Metz 1991; Bermingham and Lessios 1993; Metz et al. 1994; Palumbi 1996) . Bindins within and between closely related Echinometra species show substantial differentiation via point mutations and indels (Metz and Palumbi 1996) , as do bindins from more distantly related congeneric species of Strongylocentrotus (Minor et al. 1991) . Fertilization is blocked in at least one direction of congeneric crosses between the Echinometra or Strongylocentrotus species used in these previous studies.
In contrast, here we show that there is little variation in the Arbacia bindin genes, despite genetic divergence in both mtDNA and bindin introns. In addition, no differentiation of gamete recognition was found; A. punctulata and A. incisa exist at different latitudinal ranges in different ocean basins, yet heterospecific and conspecific fertilization profiles in reciprocal crosses were identical. Hybrid pluteus larvae developed from these crosses, suggesting genetic compatibility, although incompatibilities later in development or in subsequent generations of hybrids might occur. These Arbacia species have probably had separate evolutionary histories as a result of geographic isolation rather than intrinsic reproductive isolation. A similar pattern of genetic differentiation between geographic localities, yet little evidence of accompanying reproductive isolation, has been found in other marine taxa (e.g., Ganz and Burton 1995) .
Relative to bindin evolution in other sea urchin genera, Arbacia bindin evolution might have been slowed by (1) greater gene flow over broadly distributed populations, (2) greater functional constraint on the protein itself, or (3) a biogeographic history that maintained single allopatric species free from the adaptive challenges to gamete recognition that might arise in sympatry with congenerics.
Population Structure and Gene Flow
Although Arbacia species have extensive ranges, they are not continuously distributed (Mortensen 1943) , and, like other sea urchins, they may have dramatic fluctuations in population size over time (Harvey 1956 ). These observations suggest opportunities for genetic subdivision, despite gene flow by oceanic transport of planktonic larvae. However, our data reveal limited genetic differentiation within species, and then only between populations at the greatest distances. Populations along continuous coastlines may have diverged without long-term allopatric barriers; a well-documented example is the phylogeographic break at Cape Canaveral (Avise 1994). However, despite morphological and mtDNA differences between A. punctulata populations across this break, the deduced bindin polypeptide sequences can be identical (fig. 4) .
Arbacia incisa from Panama and either side of Baja California show no evidence of genetic structure. The low mtDNA haplotype diversity of this species ( fig. 1) suggests that populations and geographic ranges may have expanded recently. Periodic El Niño currents, known to transport other species northward from the tropics (Newman and McConnaughey 1987) , would also be likely to transport A. incisa larvae. Compared with more fragmented systems such as Indo-Pacific archipelago species, genetic subdivision in sea urchins with broad distributions along coastlines appears to be limited (Palumbi 1994 ).
Functional Constraints
Bindin-coding sequences from Camarodont sea urchins share a central conserved region flanked by variable regions which show a remarkable degree of divergence through a variety of mutational processes (Minor et al. 1991; Vacquier, Swanson, and Hellberg 1995; Metz and Palumbi 1996) . Species-specific functions of bindin must reside in these variable regions, but it is unclear which of the many differences might have functional importance.
In contrast, the bindin proteins in Arbacia of the order Stirodonta may have less freedom to vary. In support of this, hydropathy plots revealed a hydrophobic domain similar to transmembrane domains and viral fusion peptides in A. punctulata bindin (Glabe and Clark 1991) , which is not found in Camarodont sea urchin bindins. In addition, Camarodont sea urchin bindin comparisons reveal numerous indels and rearrangements of multiple repeated elements, yet Arbacia bindins have few indels (fig. 3) or repeats (Vacquier, Swanson, and Hellberg 1995) . These lines of evidence suggest that one factor contributing to low levels of fertilization specific- ity between Arbacia species might be functional constraints which limit the divergence of the bindin protein.
Allopatry Versus Sympatry and Prezygotic Isolation
As an alternative to functional constraints, selective pressures for adaptive evolution might have been focused on bindins of the Camarodont sea urchins, but not on the bindins of Arbacia. The measurable species-specific function (Lopez, Miraglia, and Glabe 1993; Minor, Britten, and Davidson 1993; Metz et al. 1994 ) and signal of positive selection in Camarodont bindins (Metz and Palumbi 1996) favor this possibility.
It is widely accepted that speciation results from gradual differentiation of large allopatric populations which have been split by a geographic barrier such as the Isthmus of Panama (Mayr 1954 (Mayr , 1963 , but enormous biological diversification in the face of the rather special requirements of allopatric speciation for marine organisms has lent support to other modes of speciation (Knowlton 1993; Palumbi 1994) . There is growing evidence that, despite the potential for homogenizing gene flow, local adaptation within continuous populations may be accompanied by assortative mating (Rice and Hostert 1993) . After some level of divergence through local adaptation or drift, populations in secondary contact might experience selection against hybridization, leading to so-called reinforcement of prezygotic reproductive isolation and speciation (Howard 1993; Liou and Price 1994) . In support of this, Drosophila species pairs show greater strength of prezygotic isolation in sympatry than in allopatry (Coyne and Orr 1989) .
The pattern expected from reinforcement is also reflected in results from sea urchins. Allopatric Arbacia sea urchins lack fertilization barriers and show little differentiation of bindin. Sympatric species of Indo-Pacific Echinometra (Metz et al. 1994) and Strongylocentrotus (Minor et al. 1991; Minor, Britten, and Davidson 1993) show pronounced fertilization barriers and differentiation of bindin. This suggests that selection to prevent hybridization might result in differentiation of bindin. However, the pattern often does not appear to hold; for example, species of Echinometra from either side of the Isthmus of Panama show no clear correlation of degree of cross-fertilizability with allopatry or sympatry (Lessios and Cunningham 1990). Likewise, sympatric species of Strongylocentrotus show varying degrees of cross-fertilizability (Strathmann 1987) .
Among the possible influences on gamete recognition proteins are selective mechanisms that operate within populations in the context of molecular recognition between the sexes. These processes include sexual selection (Wu 1985) , interlocus conflict evolution (Rice and Holland 1997) , and pathogen-driven evolution (Vacquier and Lee 1993; Vacquier, Swanson, and Lee 1997) . Such processes are inherent in the dynamics of recognition between sperm and eggs and are expected to act within populations regardless of whether or not sympatric, congeneric species are present. If the assumption is made that Arbacia species arose by geographic speciation and have remained allopatric since then, this group provides a useful comparison for the sympatric sea urchins which have been studied previously. Despite approximately 4-9 Myr of independent evolution, there is no clear evidence that a continuous process of selection has acted within Arbacia species to ratchet along the differentiation of bindin.
